ABSTRACT The use of non-linear regression models in the analysis of biological data has led to advances in poultry nutrition. Spline or broken-line nonlinear regression models are commonly used to estimate nutritional requirements. One particular application of broken-line models is estimating the maximum safe level (MSL) of feed ingredients beyond which the ingredients become toxic, resulting in reduced performance. The objectives of this study were to evaluate the effectiveness of broken-line models (broken-line linear or BLL; and broken-line quadratic or BLQ) in estimating the MSL; to identify the most efficient design of feeding trials by finding the optimal number of ingredient levels and replications; and to re-estimate the MSL of various test ingredients reported in the nutrition literature for comparison purposes. The Maximum Ingredient level Optimization Workbook (MIOW) was developed to simulate a series of experiments and estimate the MSL and the corresponding descriptive statistics (SD, SE, CI, and R 2 ). The results showed that the broken-line models provided good estimates of the MSL (small SE and high R 2 ) with the BLL model producing higher MSL values as compared to the BLQ model. Increasing the number of experimental replications or ingredient levels (independently of each other) reduced the SE of the MSL with diminishing returns. The SE of the MSL was reduced with increasing the size (total pens) of the simulated experiments by increasing either the number of replications or levels or both. The evaluation of MSLs reported in the existing literature revealed that the multiple range procedure used to determine the MSL in several reports can both overestimate and underestimate the MSL compared to the results obtained by the broken-line models. The results suggest that the broken-line linear models can be used in lieu of the multiple range test to estimate the MSL of feed ingredients along with the corresponding descriptive statistics, such as the SE of the MSL.
INTRODUCTION
Non-linear regression has been a useful tool in modeling the biological responses of poultry. Two of the most commonly used non-linear regression models are the broken-line linear (BLL) and the broken-line quadratic (BLQ) models. These models are a subset of spline models, which are characterized by piecewise polynomials connected at the "spline knots." Nutritionists have used the broken-line models to estimate the nutritional requirements of poultry (Robbins et al., 1979; Firman and Boling, 1998; Faria et al., 2002; Mehri et al., 2010) . Vedenov and Pesti (2008) adapted Microsoft Excel to estimate the nutritional requirements using the brokenline models. The assumption underlying the broken-line models is that feeding increasing levels of a particular C 2016 Poultry Science Association Inc. Received April 7, 2016. Accepted August 3, 2016. 1 Corresponding author: ralhota1@uga.edu nutrient results in a change in the response (increase or decrease depending on the parameter measured) up to a certain point (minimum or maximum requirement) at which the response plateaus. The BLL model fits 2 linear segments of the biological response to a nutrient (the descending or ascending segment and the plateau). The BLQ combines a quadratic (descending or ascending) segment and a linear segment (plateau) and typically produces a wider confidence interval than the BLL model. Both BLL and BLQ models also can be used to estimate the maximum safe level (MSL) of new feed ingredients.
New feed ingredients (new processes, cultivates, etc.) are routinely introduced in the poultry industry to maximize the economic efficiency of production. Since feedstuffs vary in nutrient quality (e.g., fiber, antinutritional factors, AA profile, etc.), estimating the MSL of the ingredients is necessary to avoid any detrimental effects on biological performance. To estimate the MSL of a new ingredient, a dose-response study involving feeding birds increasing levels of the test 904 ingredient has to be conducted. In the dose-response study, one or more measurements (e.g., BW gain, feed efficiency or breast meat yield) are taken for each growth phase and the MSL of the test ingredient is determined for each measurement for that phase (starter, grower, etc.) . Several statistical methods have been used to estimate the MSL including multiple-range tests (Hidalgo et al., 2004; Yamauchi et al., 2006; Aziza et al., 2010; Khempaka et al., 2013) , orthogonal contrasts (Farran et al., 2000) , and the regression approach using orthogonal polynomials (Proudfoot and Hulan, 1988; Kalmendal et al., 2011; Gopinger et al., 2014) . Multiple-range tests have been used extensively, mainly due to the ease of performing the tests. However, they have several critical shortcomings. First, multiple-range tests can only distinguish between the levels of the input factor. The levels of the test ingredient are treated as discrete, not continuous, which is a faulty assumption since the responses to the factors in the dose-response studies are continuous. Second, more conservative tests (Scheffe, 1953) result in fewer significant differences, while less conservative tests (e.g., Fisher's LSD test, 1935) are most likely to result in false differences. So called "orthogonal contrasts" are used to compare levels against the control group. These tests are more precise than the multiple-range tests (a fewer number of comparisons are made) but they are not really orthogonal (Lomax and Hahs-Vaughn, 2013 ) and distinguish only between levels as with the multiple-range tests. In regression analysis, the factors are treated as continuous and the maximum response level is defined by finding the root of the first derivative. However, this model does not fit the plateau segment of the response.
From a statistical standpoint, all 3 statistical methods typically used to define the MSL are not precise. Therefore, finding new methods to estimate the MSL of feed ingredients is necessary to maximize the economic efficiency of production. Theoretically, the response to feeding an ingredient with a limiting factor (e.g., toxic substance) can be modeled using the BLL and BLQ models such that the parameter signs (+, −, ≤, ≥) are changed to convert the functional forms to appear as mirror images of the original BLL and BLQ requirement models (Vedenov and Pesti, 2008) . The requirement point then defines the MSL of the ingredient in the manner similar to how BLL and BLQ models are used to estimate the nutritional requirements. The NRC (1994) defined toxicity as "any adverse effect on performance." That broad definition is used here to illustrate any reduction in performance due to unfavorable nutrient composition. It could indicate pathological changes in the test birds but also any decreases in growth rate or feed intake. The objectives of the current research were (1) to evaluate the effectiveness of BLL and the BLQ models in estimating the MSL of feed ingredients using simulations in Microsoft Excel; (2) to examine the effect of the experiment design parameters (such as number of replications, ingredient levels, and the number of simulations during the simulation process when planning feeding trials) on the estimated parameters and their descriptive statistics; and (3) to re-estimate the MSL values for broiler growth and egg production data obtained from the nutrition literature and compare them with the original MSL values reported by the authors. The Maximum Ingredient Level Optimization workbook, or MIOW.xlsm, was developed to achieve these objectives (Alhotan et al., 2015) .
MATERIALS AND METHODS

Development of the Maximum Ingredient Level Optimization Workbook
The MIOW.xlsm (Figure 1 ) guide and software are published elsewhere (Alhotan et al., 2015) . The Levels and Reps worksheet provides an option to create an experimental grid reflecting the desired levels of the test ingredient and the number of replications of the experiment. The Simulations worksheet allows choosing the "true" response model, displays the inputs for the true parameters, and allows input of initial guesses of coefficients for the regression models of interest (i.e., maximum response, rate constant and maximum ingredient level corresponding to the maximum response). The workbook then simulates experiment responses from the "true" model and fits desired regression models to the simulated data. The outputs of the simulation process also are displayed on the Simulations worksheet. The outputs include estimates of the MSL by brokenline models and the descriptive statistics. (Standard deviation, SD; Standard Error, SE; 95% Confidence Interval, CI).
The SD is the simple standard deviations of estimates across different simulated experiments and was calculated from the equation
where β i is the estimate of a specific parameter obtained from the i th simulated experiment. SEs are square roots of the diagonal elements of the matrixσ
where
is the nonlinear function of the parameters estimated, x and y are the inputs and responses from a given experiment, respectively, N is the number of observations, and K is the number of parameters.
The mathematical models evaluated are: Broken-line spline with descending linear segment model: Broken-line spline with descending quadratic segment model
Here y is the response variable, x is the factor level and MSL is the maximum safe level.
The functions in (1) and (2) are modified versions of the broken-line functions used to estimate nutritional requirements (Vedenov and Pesti, 2008) . This allows us to fit the plateau and descending segments to data from feeding trials in order to find the point at which the test ingredient becomes toxic.
Feeding Trial Planning
In order to identify the most efficient design for a feeding trial, growth data (16 to 24 d) from one reference using hulless barley (Anderson et al., 2012) were used to examine the effect of varying each of the following factors: (1) the number of simulated experiments (simulations); (2) the coefficient of variation (CV) of the of the simulated responses; (3) the number of replications of the ingredient levels; and (4) the number of ingredient levels. The optimal number of simulations was determined with CV fixed at 8%, number of ingredient levels at 4, and number of replications at 6. The CV was then varied from zero to 32% for 100 simulations of 4 levels and 6 replications. The number of replications varied from 2 to 20 while fixing the number of ingredient levels at 4, number of simulations at 100, and CV at 8%. The number of levels was varied from 3 to 12 for 100 simulations with 6 replications and CV of 8%. Lastly, different combinations of levels and replications were tested by running 100 simulations each (CV = 8%).
Re-estimation of Nutrition Literature Data
Broiler growth and egg production data from experiments conducted after the year 2000 to test the inclusion of various feed ingredients were compiled from the existing literature (Tables 1 and 2 ). The important criterion of selecting the data was that the response to a test ingredient declined after reaching a certain level (i.e., toxicity), so that the broken-line models can fit the plateau and descending segments. The final BWG and egg production rate reported for each experiment (data set) were used as the response variable. The MIOW.xlsm workbook was used to re-estimate the MSL for growth and egg production data. The corresponding SD values were calculated from the reported standard errors.
RESULTS
Feeding Trial Planning
The baseline SD of the MSL for 10 simulations repeated 5 times was estimated to be ∼0.065 and 0.141 for the BLL and BLQ models, respectively (Table 3) . Increasing the number of simulations from 10 to 100 reduced the SD of the MSL by at least 60% for the BLL and BLQ models. Increasing the number of simulations beyond 100 simulations resulted in further reductions in the SD of the MSL. Table 4 demonstrates that as the CV of the simulations increased from zero to 32%, the SD and SE of the MSL estimates increased gradually and the R 2 values decreased for both models. Regardless of the model used, using more replications at a fixed number of levels (N = 4) reduced the SD and SE of the MSL with diminishing returns (Table 5) . As the number of ingredient levels increased, fixing the number of replications at 6, the SE of the MSL decreased for both models with diminishing returns (Table 6 ). Figure 2 depicts the distribution of data (Khempaka et al., 2013) when the CV, number of levels, number of replications is doubled when using the MIOW workbook to estimate the MSL. When the size of the simulated experiment was increased from 24 to 36 pens, the SE of the MSL (SE average of all "24 pens" vs. all "36 pens") was reduced by 14% (0.29 vs. 0.25) for the BLL model and 21% (0.57 vs. 0.45) for the BLQ model (Table 7) . Further reduction in the SE by about 13% for both models was observed when the size was increased from 36 to 48 pens (SE average of all "36 pens" vs. all "48 pens"). Given the same resources (e.g., 24 pens), using more replications than levels (e.g., a combination of 6 reps x 4 levels vs. 4 reps x 6 levels) decreased the SE of the MSL for the BLL model. For the BLQ model, on the contrary, using more levels than reps reduced the SE.
Re-estimation of Nutrition Literature Data
The results for broiler growth data in Table 8 showed that the recalculated MSL ranged between 2.48% ± 1.85 to 62.56% ± 7.59 for the BLL model and from −12.24% ± 63.54 to 48% ± 12.42 for the BLQ model. The R 2 values of the fitted relationships for both models ranged between ∼0.78 to 0.99. The recalculated MSL for egg production data (Table 9 ) ranged between 8.69% ± 5.52 to 42.55% ± 4.42 and −1.25% ± 4.36 to 38.32% ± 13.31 for the BLL and BLQ models, respectively. The R 2 values were in the range 0.66 to 0.98 for both models. The recalculated MSL values by the BLQ model for all data sets for growth and egg production data were always smaller than those values obtained by the BLL model. On average, the BLQ values are 5% smaller than the BLL values as represented by the slope of the regression line (MSL BLQ = f (MSL BLL ; Figure 3 ). For growth data (Table 8) , three data sets failed to converge on a solution (9, 13 and 4). Of those which were successfully converged, the multiple range procedure overestimated the MSL for three data sets (7, 11 and 12) and produced close estimates in the remaining data sets, compared to BLL estimates. Compared to the BLQ estimates, the multiple range procedure overestimated the MSL in almost all data sets with the exception of two data set (1 and 3) where the MSL estimates were very close. For egg production data (Table 9) , two data sets failed to converge on a solution (3 and 8) . The multiple range procedure underestimated the MSL in one data set (4), Table 3 . Effect of increasing the number of simulated experiments on the standard deviation of the maximum safe level (MSL) of whole hulless barley estimated by 2 broken-line models with linear (BLL) and quadratic (BLQ) descending segments (CV = 8%; level = 4; reps = 6). overestimated the MSL in three data sets (2, 5 and 6) and resulted in close estimates in two data sets (1 and 7) compared to the BLL model estimates. The MSL was overestimated by the multiple range in four data sets (2, 5, 6 and 7) and the estimates were very close in two data sets (1 and 4) when compared to the BLQ model.
DISCUSSION
Feeding Trial Planning
The MIOW provides estimates of the MSL of feed ingredients based on a series of simulated experiments drawn from an assumed "true" model. The simulation Table 5 . Effect of increasing the number of replications on estimating the maximum safe level (MSL) of whole hulless barley by 2 broken-line models with linear (BLL) and quadratic (BLQ) descending segments (simulations = 100; CV = 8%; level = 4). outputs seem to be influenced not only by the true parameters but also by the initial guesses of coefficients used to estimate an alternative model. Therefore, providing good initial guesses is necessary for more accurate results. The main purpose of the MIOW is to provide estimates of the MSL of feed ingredients and the corresponding descriptive statistics for planning new experiments. The simulation estimates of the MSL varied depending on the mathematical model (BLL or BLQ) being used. The MSL estimates for the BLL model are almost always greater than the BLQ model. Differences in the MSL estimates should be taken into consideration when deciding to estimate the MSL of a feed ingredient using the broken-line approach. Since the estimation of the MSL is based on the simulation process, providing a sufficient number of simulated experiments with some degree of variability is required. Increasing the number of simulated experiments from 10 to 100 decreased the SD of the MSL by ∼60% for both models making the estimates more stable. The simulation process is based on drawing random numbers from the normal distribution, so the larger the sample size the more the random numbers are centered around the mean. A minimum of 50 simulated experiments seemed to be sufficient to produce satisfactory results (more stable estimates). Using a larger number of simulations is preferred but it can be time consuming. When the CV of simulations increased from zero to 32%, the SE of the MSL estimated by the BLL and BLQ models increased resulting in wider confidence intervals. The SE is particularly important because it indicates how accurate the MSL mean was and smaller values are always desirable. The increase in the SE was associated with a reduction in the R 2 implying poorer model fitting at high CV values.
The MIOW can be particularly useful to find the best combination of levels and replications when designing feeding trials and justifying numbers of birds or animals that need to be used. Increasing the number of replications per level from 2 to 4 reduced the SE of the MSL for both models by at least 13% and a further increase from 4 to 6 replicates reduced the SE by at least 12%. Increasing the number of replications beyond 6 resulted in further reduction in the SE but with diminishing returns. This result demonstrates the importance of using the right number of replications when designing feeding trials for more precise MSL estimates. The impact of increasing the number of ingredient levels on the SE was very similar. Regardless of the model used, using 4 levels instead of 3 reduced the SE of the MSL by at least 15%. Further increase in the number of levels decreased the SE of the MSL, although again with diminishing returns. The SD of the MSL from the simulated experiments decreased with increasing the number of replications but increased with increasing the number of levels for both models. It should be noted that the SE and SD do not have to be in any Table 7 . Effect of different combinations of levels and replications on estimating the maximum safe level (MSL) of whole hulless barley by 2 broken-line models with linear (BLL) and quadratic (BLQ) descending segments (simulations = 100; CV = 8%). particular relationship to each other. The extreme difference between the estimates of the MSL by BLL and BLQ (Table 6 ) is due to the nature of the models. Considering the available resources (e.g., space, amount of test ingredient, etc.), the best combination of levels and replications should have the smallest SE of the MSL given available resources. For instance, a feeding trial design of 6 levels of 8 replications each (a total of 48 pens) should be more efficient than a design of 6 levels of 4 replications (a total of 24 pens). The (Table 8) is 12.84 ± 0.10, which is close to the claimed MSL but less than 21%.
MIOW can quantify the increase in efficiency so that an informed decision can be made.
Re-estimation of Nutrition Literature Data
The broken-line models assume that feeding an ingredient with a limiting factor produces a response that declines when the toxicity level is reached. Therefore, biological responses that plateau and decline thereafter can be fitted only with these models. Several types of the response to test ingredients were encountered when searching for the optimal data to fit to the broken-line models. Linear increase in response, linear decrease in response, and increase in response followed by a plateau were among those types of responses. Moreover, quadratic increase and then decrease in response and data with the points scattered in the plane were also encountered. A linear decrease in response suggests that the ingredient is very toxic and low test levels are needed. The case in which the data points are scattered in the plane suggests that the levels used are not high enough to show toxicity effects.
Those types of responses demonstrate the importance of choosing the right ingredient levels to be tested and the importance of having preliminary data on expected safe levels and variation between observations. The multiple-range tests used in the studies listed (Tables 1  and 2 ; Figure 4 ) either gave close values, overestimated, or underestimated the MSL of the ingredients compared to the MSL values obtained from the broken-line models. The multiple-range tests are appropriate for discrete variables but not continuous variables, and interpretations are subject to the power of the statistical tests in detecting significant differences. In one study (Loar II et al., 2012; Figure 5) , the claimed MSL of DDGS to be included in broiler diets without any adverse effects on growth performance and carcass yield was 14% based on Fisher's LSD. Since the level 21% is not significantly different from the control group, the MSL could also be at or above this level (from 21 to 28%). Therefore, 21% DDGS could be considered to be a safe level to achieve a satisfactory weight gain during zero to 42 d based on the LSD test ( Figure 5 ). Using the BLL model (Figure 5 ), the MSL was estimated to be 7% ± 4.0. The predicted gain at 7% DDGS was 2.67 kg and the gain when feeding the 21% diet was 2.59 kg (∼80 g difference). Using the BLQ method in this example showed the MSL capturing the response before the point where toxicity began. Failure to estimate the MSL of an ingredient accurately could result in significant losses in performance due to high intake of anti-nutritional substances. Unlike the multiple-range tests, the broken-line approach offers estimations of several descriptive statistics of the MSL, such as the confidence interval, SE, and SD, which provide important information about the accuracy of the estimates. It should be noted that the re-estimated MSL values were based on mean values reported by authors which means that observation to observation variation are not accounted for. When the observation to observation variation was included by including SD, model fitting was very difficult. This observation indicates the importance of having a small observation to observation variation to produce adequate fit. For growth data, comparing the R 2 values suggests that the BLL model fit the data better than the BLQ model. The BLL model resulted in better fit in seven data sets (2, 6, 7, 8, 10, 11 and 12) out of 11 data sets. In contrast, both models were almost identical in the R 2 of four data sets (1, 4, 6 and 7) out of six for egg production data. Consequently, choosing one model over the other is practically impossible because the R 2 values are very similar. In conclusion, the broken-line models of the MIOW provide a tool to estimate the MSL of feed ingredients and to find the most efficient design of feeding trials by simulating a series of experiments. The most efficient design should be the combination of ingredient levels and replications that produces the smallest SE of the MSL. Compared to the broken-line estimates, the MSL of the data evaluated was either overestimated or underestimated by the multiple range test in several reports. Unlike the multiple range procedure, the broken-line models treat the levels of the ingredient as continuous and provide several descriptive statistics of the MSL.
